Humidified gas turbine cycles such as the Humidified Air Turbine (HAT) and the Steam-Injected Gas Turbine (STIG) present exciting new prospects for industrial gas turbine technology, potentially offering greatly increased work outputs and cycle efficiencies at moderate costs. The availability of humidified air or steam in such cycles also presents new opportunities in blade and disk cooling architecture. Here, the blade cooling optimisation of a HAT cycle and a STIG cycle is considered, first by optimising the choice of coolant bleeds for a reference cycle, then by a full parametric optimisation of the cycle to consider a range of optimised designs. It was found that the coolant demand reductions which can be achieved in the HAT cycle using humidified or post-aftercooled coolant are compromised by the increase in the required compression work. Furthermore, full parametric optimisation showed that higher water flow-rates were required to prevent boiling within the system. This
Introduction
Humidified power cycles present one of the key areas of development within the gas turbine industry. Cycles such as the Humidified Air Turbine (HAT) or the Steam-Injected Gas Turbine (STIG) promise work outputs and cycle efficiencies comparable to those of a Combined-Cycle Gas Turbine, but at a capital cost more comparable to a conventional gas turbine cycle. Gas turbines such as the GE LM2500 STIG have started to be used commercially [1] , but the HAT cycle remains at the pilot plant stage, with the 600 kW e Volvo VT600 derivative at Lund University being the first working pilot plant [2] . Such cycles also present the opportunity for new blade and disk cooling architectures, whereby humidified air or steam, coolants with higher specific heat capacities than air, may be used in turbine blade and disk cooling, currently one of the limiting factors in optimising gas turbine performance.
In the first part of this investigation, the coolant bleed configuration within feasible HAT and STIG cycle layouts is optimised with respect to cycle efficiency, and the effects and consequences of bleeding coolant from the saturator, in the case of the HAT cycle, or the Heat Recovery Steam Generator (HRSG) and steam/air mixer for the STIG cycle are considered. The remaining cycle parameters were fixed: the coolant bleed points are the only variables considered. It is important to differentiate between the optimal thermodynamic configuration and a practical configuration: both were investigated. In the optimal thermodynamic configuration no constraint was placed on the number of coolant bleeds that could be used, but for the practical configuration, where cost and complexity must necessarily be considered, the number of bleeds was restricted to three, which is typical of an industrial gas turbine.
In the second half of the investigation, Pareto-optimal sets of designs for the HAT and STIG cycles were produced, and a Tabu Search (TS) algorithm, developed by Jaeggi et al. [3] and implemented on humid cycles by Kavanagh [4] , was used to carry out a parametric optimisation of the cycles. The humidified cycle output parameters were calculated using FORTRAN code developed by Aramayo-Prudencio [5] and Kavanagh in the University of Cambridge Department of Engineering, based on code developed for standard industrial gas turbine cycles by Young and Wilcock [6] , in the same department. All of the cycles discussed consisted of two stages (or four blade rows) of blade cooling, and three stages of disk cooling. However, since it is very difficult to model disk cooling accurately, the disk cooling flows are pre-determined, with the focus in this investigation being placed on turbine blade cooling.
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The Blade Cooling Model
The blade cooling model used is that used by Wilcock [7] , shown in Fig 1: variations of the model may be valid for other applications where film cooling is utilised. Coolant bled at state k is transported to the blade cooling passages, entering the blade at state i (assumed to be identical to k). When only convective cooling is used, the coolant leaves the blade at the trailing edge and tip at states t and b respectively. When film cooling is also considered, some coolant leaves the blade through various holes across the blade surface, where the coolant is assumed to be at state f everywhere, and at the endwalls at state e. An extended Holland and Thake model [8] , as used by Young and
Wilcock [6] , is then used to carry out an enthalpy balance between the coolant and mainstream gas, which is equal to the total blade surface heat transfer. This is also equal to the heat transfer via conduction through the blade metal, and any thermal barrier coating.
[ Fig. 1 
about here.]
The coolant mass flow-rate with respect to the compressor inlet mass flow-rate (m c /m g ) can be defined in terms of a dimensionless coefficient K cool , and a dimensionless coolant mass flow-rate m c+ as follows:
where
The value of K cool is therefore proportional to the mainstream Stanton number, which is itself based on an empirical relationship with the gas Reynolds and
Prandtl numbers given by Torbidoni and Horlock [9] :
K cool is also inversely proportional to the coolant specific heat capacity, indicating that a coolant with a higher c p will reduce coolant mass flow-rate, as one might expect. m c+ meanwhile is dependent on the efficiencies of the cooling technology, and on blade material and geometry (and is consequently of less interest for this investigation). Hence the key to minimising cooling demands is minimising K cool .
The focus of this investigation will be blade cooling and not disk cooling.
This is because disk cooling flows are very difficult to calculate accurately: wherever disk cooling is necessary, the disk coolant mass flow-rates (relative to the turbine flow-rate) will be pre-specified. This is consistent with the work of Wilcock [7] .
The coolant performance is, through the Stanton number, strongly dependent on the mainstream gas Reynolds and Prandtl numbers, as indicated in Eq. (4).
The mainstream gas properties are dependent on the properties of the individual constituents. Thus the mainstream gas thermal conductivity λ g was found using the Wassiljewa model [10] with the Mason and Saxena modification [11] , 7 as investigated by Todd and Young [12] , which considers the molar fractions of the various constituents of the gas:
where y i and λ i are the mole fraction and thermal conductivity of component i respectively, and A ij is found from the Mason and Saxena modification [11] :
where µ i and M i are the dynamic viscosity and molar mass of component i respectively. Bird, Stewart and Lightfoot [13] demonstrate how the mainstream gas dynamic viscosity µ g can be calculated in an identical fashion, replacing
Tabu Search Optimiser
The numerical optimiser used in this study is a variant of the multi-objective Tabu Search (TS) algorithm developed by Jaeggi et al. [3] .
We are interested in problems where multiple objective functions are each to be minimised (noting that the maximum of objective f is the minimum of −f ).
When true multi-objective design optimisation is performed the solution is a set of designs representing the optimal set of trade-offs between the objectives. This is known as the Pareto-optimal set. This set provides the designer with a clear picture of the achievable trade-offs between the competing objectives, enabling a well-informed choice of final solution to be made. 
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Recently visited points are stored in the Short Term Memory (STM) on a first-in-first-out basis and are tabu -the search is not allowed to revisit these points.
The Medium Term Memory (MTM) maintains a record of the Pareto-optimal points found thus far during search, and its contents are the primary output at the end of the optimisation.
[ Table 1 is used on diversification, directing the search to regions which are underexplored. This is achieved by dividing the allowed range for each design variable into a certain number of regions and counting the number of solutions evaluated in those regions. A local iteration counter i local is used, and reset upon a successful addition to the MTM. When i local reaches user-specified values, the algorithm will diversify or intensify the search, or reduce the search step-size and restart the search from a randomly selected point from the MTM.
Thus, TS combines a systematic local search with a stochastic element and an intelligent coverage of the entire search space. Full details of this algorithm can be found in [3] , and the optimiser parameters used in this research are summarised in table 1. 
to the HAT and STIG cycles are shown in table 11, also in Appendix 1.
[ Fig. 3 
about here.]
For both the HAT and STIG cycles, coolant delivery pressure to mainstream gas pressure ratios of 1 to 1.5 were permitted: note that a pressure ratio of 1 presents an absolute limit which could not be achieved in practice. The minimum pinch point temperature difference across the various heat exchangers was 10K, as was the maximum allowable difference between the water temperature and its boiling temperature in the case of the HAT cycle. As a result it was necessary in some cases to slightly reduce heat exchanger effectiveness for some of the HAT configurations, in order to reduce the water temperature.
Cooling Optimisation for a Fixed Parameter System
HAT Cycle Coolant Bleed Layout
The analysis considered both realistically achievable layouts, with a maximum constraint on number of bleed points, and fully optimised cycles, with no limit to the number of bleed points. It was also important that a direct comparison could be made between fully dry air-cooled cycles and cycles which implement In cases C and D, the humidified air was supplied from the saturator exit.
Note that the cycles have been optimised to maximise overall efficiency, not necessarily to minimise cooling demands.
STIG Cycle Coolant Bleed Layout
As with the HAT cycle, both fully optimised and realistically optimised (a maximum of 3 bleed points) configurations were considered. The STIG cy- 
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maining steam was split into two separate streams: a mixer stream for power augmentation, and a stream for process steam. Two possibilities were considered: one where 50% of the steam leaving the HRSG (after coolant has been bled) was process steam, and one where 100% of the steam was used for power augmentation.
Results and Discussion
Cooling Optimisation for a Fixed-Parameter Cycle
HAT Cycle Results
The coolant bleed configurations for the various HAT cases as a result of optimistion are given in table 2 using the same notation shown in Fig. 2 , whilst table 3 considers the overall cycle performance for the four cases. It is evident that significant coolant demand reductions (around 12%, relative to case A) have been achieved by bleeding from the saturator. Usefully, reducing the number of bleed points to three in case D has had no detrimental effect on cooling performance. It is important to understand, however, that the coolant being bled after the saturator is at a much lower temperature than the original bleed point after the HP compressor. The saturator exit temperature was almost identical for all cases, and averaged around 422.5K, whilst the temperature at HP compressor exit was around 591K. It was estimated that no more than 20% of the savings were contributed by the elevated ω c , and that the remaining savings were due to a reduced coolant temperature.
[ Table 2 about here.]
[ Table 3 
STIG Cycle Results
The coolant bleed configurations for both 50% and 100% steam utilisation are shown in tables 4 and 5 respectively, using the same notation shown in Fig. 3 , whilst tables 6 and 7 give the performance figures for all cases for the 50% and 100% steam utilisation scenarios respectively.
When considering 50% of the steam being delivered to the mixer, for cases C and D, the use of steam for the first row reduced coolant demands for that row by almost 55%, and a saving of almost 38% was made for row 2. Cooling all of the rows with steam (case E) yields further overall improvement. Steam/air mixture cooling (cases F [ Table 4 about here.]
[ When 50% of the generated steam is taken to the steam/air mixer, the steam used for cooling, which is later mixed with the mainstream gas, is "free" steam.
The mass flow entering the first turbine is significantly increased by steam cooling, resulting in a significant work output gain, which is only partially compromised by a slight rise in HP compression work. This resulted in more than a 1.3 %-point improvement in η ov for case C. Limiting the number of bleed points to three, as in case D, only cost a 0.1 %-point penalty. Cooling the remaining blade rows with steam (case E) brought further small improvements to the net work output and η ov . However, cooling with a steam/air mixture reduced η ov (and even the net work output) due to the increased compression work.
When 100% of the generated steam is injected into the cycle, any steam which
16
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is used as coolant bypasses the combustion chamber: this reduces c pg of the flow leaving the combustion chamber which, whilst lowering the subsequent coolant demands, also implies a larger temperature (and hence pressure) drop across the HP and IP turbines to carry out the required compression work.
The value of r p across the FPT is thus reduced, and the net work output
is actually below what can be achieved with dry air-cooling. Nonetheless, a small improvement in η ov has been achieved, due to the reduction in heat input required in the combustion chamber. This is for steam cooling only:
steam/air mixture cooling results in a reduction in η ov and net work output for the reasons given earlier.
[ Table 6 about here.]
[ Table 7 about here.]
Cooling Optimisation with Parameter Optimisation
HAT Cycle Cooling Optimisation
A multi-objective TS optimisation of the efficiency and work output of the HAT cycle, subject to the bounds and constraints set by Kavanagh and Parks [15] , yielded 145 designs, of which three were selected for subsequent cooling optimisation, as shown in Fig. 4 . Optimising the cooling architecture separately from the other system parameters proved challenging, since the optimised parameters for these designs lay very close to the system constraints.
One of two constraints was met: either water approached its boiling point, or the pressure of the coolant source was too low to be utilised. It therefore proved impossible to bleed any coolant from either the saturator exit or the aftercooler exit for the three designs considered, and the improvements in both cooling and efficiency, relative to the reference case, are shown in table 8 to be only marginal.
[ Fig. 4 
about here.]
When the cooling architecture was included as an additional design variable in the optimisation, the resulting Pareto-optimal set was able to make 0.3-0.5 %-point efficiency gains, and significant coolant savings. Whilst the coolant for turbine blade rows HP2, IP1 and IP2 was always taken from compressor stages HP4, HP3 and HP1 respectively across the entire Pareto-optimal set, the optimal bleed point for turbine stage HP1 varied depending on the design location within the set. For high efficiency systems, compressor stage HP5 was chosen, whilst for low efficiency but high work output systems, the coolant was bled post-saturator or post-aftercooler. This variation in bleed point across the Pareto-optimal set is due to the balance struck between reducing cooling demands and minimising the water flow-rate in the system. Bleeding postsaturator or post-aftercooler rather than from the compressor tended to cause water to boil in the system. This is because the mass flow of cool gas into the recuperator is reduced, thereby increasing the temperature of the hot gas entering the economiser, causing water to boil in the system. Thus, a larger water flow-rate is required to move away from this constrained region, which in turn reduces efficiency. When bleeding coolant from the compressor (i.e.
before the aftercooler) the gas flow through the aftercooler is also reduced, and so boiling is less likely to occur.
[ 
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To confirm the effects of this constraint, a set of Pareto-optimal designs were found where the coolant bleeds were constrained to be post-saturator and post-aftercooler only. Fig. 5 shows that the resulting designs were unable to improve upon the overall efficiencies achieved by the Pareto-optimal set with optimised cooling (Original Pareto 1). Note also the improved performance of the optimised cooling architecture Pareto-optimal compared to the original HAT Pareto-optimal set as shown in Fig. 6 .
STIG Cycle Cooling Optimisation
As with the HAT cycle, a Pareto-optimal set was found for the reference STIG cycle, again subject to the bounds and constraints set by Kavanagh and Parks [15] , from which three designs (shown in [ Table 9 The most obvious parameter change was the degree of superheat applied (see Fig. 9 ). Typically, high superheats favour high efficiencies, whilst low superheats favour higher steam-injection rates and thus higher work outputs. However, increasing superheat will also increase the blade cooling requirements: if steam is to be used for cooling, then its benefits as a coolant must outweigh the subsequent reduction in steam-injection. However, lower superheats were now found to favour higher efficiency, and the superheats were being reduced from 210-265K to 185-210K in Pareto-optimal designs found by the TS algo-20 rithm. Reducing the superheat also permits higher pressure ratios, since less heat exchange is required in the HRSG, and so lower exhaust gas temperatures are possible. It should be noted that coolant for the IP turbine disk was bled from HP3 instead of LP6, due to coolant pressure constraints.
[ Fig. 9 about here.]
Discussion
There are several limitations and extensions to this work which could provide interesting and fruitful areas of future research. Rather than taking a typical aero-derivative engine, a portfolio of different gas turbines could be investigated. Looking to the future, higher turbine inlet temperatures could be analysed as well as the potential cooling limitations, which are accentuated in humid cycles. In addition, other variants on the humid power systems (recuperated-STIG, intercooled-STIG, A-HAT, part-flow HAT) could also be studied using the methodology developed for this work. Further consideration also needs to be given to utilising these turbine cycles in applications with the co-generation of electricity and heat.
A more ambitious optimisation strategy may be required where configuration optimisation is undertaken. Rather than just optimising parameters, the optimiser would evolve the cycle configuration to generate the best performance.
This might require a new optimisation strategy: although the TS algorithm was developed to allow handling of integer variables for the cooling system, evolving new system architectures may prove too challenging.
The cooling model was further developed over the course of this work but
Conclusions
The cooling optimisation of a HAT cycle and a STIG cycle has been carried out, first by a simple coolant bleed optimisation of a reference cycle, then in conjunction with a multi-objective optimisation of the entire cycle.
For the HAT cycle, it was found, in general, that bleeding post-aftercooler or post-saturator, whilst reducing coolant demands, had the undesirable effect of increasing compression work, resulting in only marginal efficiency gains. Furthermore, the multi-objective optimisation showed that bleeding from these locations was constrained by a tendency for water to boil within the system, and a need for larger water flow-rates to prevent this. Thus, these bleed points favoured low efficiency, high work output cycles, whilst the opposite is true for conventional compressor bleeding.
Both 50% and 100% steam utilisation were considered in the simple optimisation of the STIG cycle. For the 50% case, steam cooling yielded considerable improvements, since the steam used in cooling was "free" steam, and did not affect the steam-injection rate. This is not the case for 100% steam utilisation where steam bled for cooling compromises the work output, and so only marginal efficiency gains were seen. However, when carrying out a multiobjective optimisation of a STIG cycle with 100% steam utilisation, much larger (0.3-0.5 %-point) efficiency gains were achievable. This was largely due to a reduction in the optimal superheat temperature, which resulted in reduced overall cooling demands and enhanced benefits in using steam as a coolant, as 22 well as a higher permissible turbine pressure ratio.
It was noted that producing a Pareto-optimal set of designs and then performing a subsequent parametric optimisation did not yield the best results.
When the cooling streams were included in the parameters for optimisation, much greater benefits were seen for both the HAT and the STIG cycles.
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